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NMR spectroscopyThermal transformation of aluminum formate sol-gel to a-Al2O3 is reported. XRD and IR spectroscopy con-
firmed the presence of the precursor at 25 C, and showed the precursor hydroxide at 200 C. After calcina-
tions, amorphous Al2O3 and g-Al2O3 were present at 400 C and 800 C, respectively. Coordination
numbers and chemical interactions were determined b6y MAS nuclear magnetic resonance on different
elements. 27Al MAS NMR study showed that sol-gels contain 6-coordinated aluminum ions. Four, five
and six-coordinated aluminum species were present after calcinations at 400 C. The transformation into
a-Al2O3 was observed at 1050 C. 1H MAS NMR was used to characterize aging conditions. According to
TGA and DSC, total weight loss of 91.4% was due to dehydration and decarboxylation. Thermal decompo-
sition and transition processes were represented by five endothermic peaks and one exothermic peak for
the formation g-alumina, and finally, an endothermic peak for a-alumina formation. SEM images of
sintered materials revealed a porous microstructure with intertwined microwires. This methodology pro-
duced a mesoporous a-Al2O3 with surface area of 5.48 m2/g and pore diameter around 3.37 nm.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Alumina, Al2O3, is an abundant and economic ceramic material,
representing approximately 20% of Earth’s crust. This ceramic has
high mechanical strength, hardness of 9 in Mohs scale, high
melting point (2041 C), and is dimensionally stable until
1500 C. Alumina can resist compression up to 25,500 psi; its ther-
mal conductivity and thermal expansion are 29W/mK and
8.5  106 K1, respectively. The most important polymorphs of alu-
mina are c-AlOOH, g-Al2O3, c-Al2O3 and a-Al2O3, which are used
as adsorbents, catalysts and catalyst supports [1]. The difference
between phases can be explained by the distribution of oxygen
sublattice into the interstitial sites. a-Al2O3 is particularly stable
due to the selective position of oxygen sublattice in octahedral
sites. For metastable phases, oxygen is distributed in tetrahedral
and octahedral sites [2]. Corundum (a-alumina) has a rhombohe-
dral structure where the oxygen ions form a compact hexagonal
sublattice with aluminum ions occupying 2/3 of the octahedral
interstitial sites [3]. The properties of the alumina hydrate are
designated by their hydrated crystalline (Al2O3H2O) and nonhy-drated phases (a-Al2O3, c-Al2O3, d-Al2O3, h-Al2O3, etc.). These
structural factors determine the chemical reactivity of phases,
crystalline transition, changes in the surface area, endurance,
strength, and hardness [4].
Ceramic supports have a highly complex composition; its basic
components are an active phase, a promoter and a support [5]. A
catalyst support possesses thermal and chemical stability,
mechanical strength, and high surface area within a given range
of temperature [6]. High purity alumina components have been
used in a wide range of industrial applications because of its
chemical stability, this property makes them highly resistant to
chemical corrosion [7]. Other properties of alumina ceramics, such
as density or porosity, depend strongly on the green body
microstructure and sintering conditions used for its fabrication.
Heating rate is one of the most important parameters. Sol-gel
methods have been recognized as interesting procedures to pre-
pare catalysts. The versatility of the sol-gel techniques allows con-
trol of texture, composition, homogeneity and structural properties
of solids. During the sintering process, microstructural changes
occur as a result of a complex interplay of crystalline phases. The
a-Al2O3 phase is the most stable phase of this ceramic and is used
in a wide range of high temperature applications. Moreover, the
transition mechanisms between phases are of particular interest
Fig. 1. XRD of synthesized aluminum formate (* = JPCS Card No. 00–038-0655).
Fig. 2. 13C MAS NMR spectra (top) and 27Al MAS NMR spectra (bottom) of aluminum f
marked with an asterisk.
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state nuclear magnetic resonance (NMR) is a technique with the
potential to describe molecular structures at atomic level, as well
as interactions on the molecular scale in amorphous or crystalline
materials. Present work reports the thermal transformation of alu-
minum formate sol-gel to a-Al2O3. XRD, MAS NMR spectroscopy
(for 1H, 13C and 27Al), TGA, IR, and SEM were used to characterize
the ceramic precursor and phase transitions at 25, 200, 400, 800,
1050 and 1500 C.
Experimental section
Aluminum formate was obtained by stirring a mixture of alu-
minum with formic acid (1:3 vol ratio) at room temperature. The
precursor solution containing aluminum formate was mixed with
absolute ethanol at 10%. Subsequently, concentrated ammonium
hydroxide (NH4OH) was added to solution at 90 C. The sol-gel
formed was aged for three, four and six months at room tempera-
ture. The gel was sintered at 1500 C for 4 h.ormate at 25 C (black) and dried at 80 C (red) for 72 h. The spinning sideband is
Fig. 3. 1H MAS NMR spectra of aluminum formate sol-gels aged 4 and 6 months.
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ker PLATINUM ATR equipment by the attenuated total reflection
(ATR) technique, with a diamond crystal, with 32 scans, resolution
4 cm1 and a cumulative scan 400–4000 cm1. Crystalline phases
were determined by X-ray diffraction (XRD) with a Bruker D8
advance equipment, with Cu Ka radiation (1540 nm), operating
at 20 kV with a scan range from 5 to 80 by the powder method.
To monitor the phase transformations of the precursor, 40 mg of
sample were placed on a thermal analysis instrument (Q600,
DSC/TGA, TA Instruments), heating rate used was 10 K min1 up
to 1400 C, with nitrogen gas flow of 100 cm3/min. Morphology
and particle size were determined by Scanning Electron Micro-
scopy (JEOL-JSM-7600F).
The solid-state evolution of precursor was characterized by 13C
and 27Al MAS NMR at 22 C, with a p/2 = 2.0 ls pulse, relaxation
time of 60 s and spun at 14 kHz for 27Al MAS, p/2 = 5.0 ls pulse,
relaxation time of 60 s and spun at 10 kHz for 13C MAS. 1H MAS
NMR studies were measured using p/2 = 5.0 ls pulse, relaxation
time of 5 s at static condition. The spectra were referenced using;
1.0 M Al(NO3)3 solution, adamantane and H2O for 27Al MAS
(0.0 ppm), 13C MAS (38.48 ppm) and 1H MAS (4.9 ppm)
respectively.Fig. 4. 27Al MAS NMR spectra of aluminum formate sol-gels aged for three different
lapses.
Fig. 5. 27Al MAS NMR spectra for aluminum formate sol-gel calcined at different
temperatures. Asterisks denote spinning side bands at 14 kHz.Results and discussion
After the synthesis process, a whitish solution with grey parti-
cles was obtained. This solution contained aluminum formate
and undissolved aluminum particles. According to XRD results pre-
sented in Fig. 1, a high-purity aluminum formate was produced
once the solution was filtered.
Fig. 2 shows the 13C and 27Al MAS NMR spectra of aluminum
formate. Two types of carbonyl functional group were observed
at 170.33 and 171.39 ppm. Upon heating at 80 C the peak at
170.33 decreased. 27Al MAS NMR spectra of aluminum formate
showed peaks at 0.60, 2.87 and 26.29 ppm which correspond
to octahedral aluminum species, upon heating at 80 C the peak
at 26.29 decreased completely. These results suggest that car-
bonyl signal at 170.33 and six-coordinated aluminum signal at
26.29 ppm in the 13C and 27Al MAS NMR spectra, respectively,
are associated to hydrate aluminum formate species.
1H MAS NMR spectrum of sol-gel aged for four months (Fig. 3,
down) clearly shows the typical signal of free water at 4.9 ppm
and 7.4 ppm for formaldehyde proton of aluminum formate. 1H
MAS NMR spectrum of six months aged sol-gel (Fig. 3, up) shows
a broad signal at 5.6 ppm, and signals at 7.0, 6.4 and 6.7 ppm,
which correspond to H2O molecules and polymerized aluminum
formate, respectively, associated with water-loss and crystalliza-
tion that took place.
Fig. 4 shows results of 27Al MAS NMR analysis for the non-aged
sol-gel and sol-gel aged at 25 C from 0 to 6 months. The initial sol-
gel do not show well defined peaks at the spectra. Sol-gel aged for
four months shows a well defined band at 2.43 ppm, produced by
octahedral aluminum, and a second band at 8.5 ppm, correspond-
ing to the bidentated bond between aluminum and carboxyl group,
as demonstrated by IR spectra. Spectrum obtained from sol-gel
aged for six months is remarkably similar to the latter, except for
a band at 2.74 ppm that represents a hexavalent configuration of
aluminum nucleus in coordination with water. A band at
8.97 ppm resulted from the octahedral structure of aluminum for-
mate bonded to other precursor molecules. The band correspond-
ing to octahedral aluminum shows an increment in intensity as a
result of a sineresis process increasing the strength of metal-
oxygen-metal bonds. In contrast, the spectrum of non-aged
sol-gel synthesized, the bands at 8.9 ppm caused by hexavalent
aluminum are not defined clearly, while there is an intense bandat 2.7 ppm derived from hydrogen bonds between water and alu-
minum formate [9].
Fig. 6. XRD diffractograms of aluminum formate sol-gel at several temperatures: a) 25, 200 and 400 C and b) 800, 1050 and 1500 C. Note: r Al(O2CH)33H2O JPCS Card No.
00-038-0655 and * C2H3AlO5H2O JPCS Card No. 00-037-0771.
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formate sol-gel at 400 C. Spectra showed signals at 7.79 ppm asso-
ciated with species of octahedral AlVI, at 39.28 ppm corresponding
to AlV (pentavalent), and a band of tetrahedral AlIV at 72.03 ppm.
The band of pentavalent aluminum (AlV) indicates the presence
of amorphous alumina, since this species is absent in crystalline
phases [10]. At 800 and 1050 C a chemical displacement is shown
at 10.23 ppm, corresponding to AlVI in g-alumina structure. There
are reports of different transition forms (such as h-Al2O3) present
in samples of a-Al2O3 sintered at high temperature (1200 C)
[10]. The second band at 1050 C (73.53 ppm) represents the
chemical shift displacement of AlIV. Finally, at 1500 C, a single
band is observed at 12.24 ppm, associated with the octahedral
structure of aluminum in a-Al2O3 [10,11]. These results are in con-
sistence with data obtained by Dupree et al. [12], who reported a
resonance band at 13 ppm, and O’Dell et al. (13.5 ppm) in amor-
phous alumina films [10].Fig. 6 shows the XRD analysis of ceramic precursor calcined at
different temperatures. At 25 C the material exhibits poor crys-
tallinity. However, the diffraction pattern matches the characteris-
tic crystal planes of trihydrated aluminum formate Al
(O2CH)33H2O and hydrated aluminum hydroxide formate C2H3-
AlO5H2O, according to their crystallographic cards JPCS Card No.
00-038-0655 File and JPCS File Card No. 00-037-0771. Hydration
of aluminum formate occurs due to a gelation reaction, while the
formation of C2H3AlO5H2O occurs when the gel precursor is dried
and loses carboxyl groups. At 200 C only the crystalline planes of
aluminum hydroxide formate remained (JCPS File Card No. 00-054-
0318). At 400 C an aluminum oxide amorphous phase is denoted.
At 800 C characteristic peaks of g-Al2O3 are present. Until
1000 C, the powder pattern shows low intensity peaks related to
the partial crystallization of g-Al2O3. This phase turns into
a-Al2O3 at 1050 C. At 1200 C, the a-Al2O3 begins to crystallize.
This information is in accordance with the infrared spectroscopy
Fig. 7. Thermal analysis of aluminum formate sol-gel aged for 3 months.
Fig. 8. Thermal analysis of aluminum formate gel with aging time of four (blue) and
six (red) months.
1100 J.H. Roque-Ruiz et al. / Results in Physics 6 (2016) 1096–1102analysis. The diffractogram at 1500 C shows the characteristic
crystallographic planes of the hexagonal phase microstructure of
a-alumina according to the crystallographic card (JCPS File Card
No. 04-004-2852).
Thermal behavior of aluminum formate sol-gel aged for three
months is shown in Fig. 7. The TGA line corresponding to the gel
decomposition exhibits a total weight loss of 91.4% wt. The TG
curve of the gel shows a gradual weight loss in three stages. In
the first stage, about 83.3% is lost around 25–250 C. The loss cor-
responds to adsorbed water and organic matter. A second weight
loss of 5.8% occurs around 250–350 C, corresponding to chemi-
cally bonded water. Last stage represents the final decomposition
of aluminum formate (2.3%) at 350–1200 C. Remaining sample
(8.6%) alumina. Thermal behavior is in accordance with IR and
XRD data.
The DSC line in Fig. 7 corresponds to the gel aged for three
months. Decomposition reveals the presence of five endothermic
peaks (131, 163, 271, 314 and 408 C), corresponding to evapora-
tion of water and the removal of organic bonds. The first pro-
nounced peak, at 131 C, is associated to the loss of physically
adsorbed water. Second and third peaks represent dehydration
and decarboxylation, while fourth peak is related to decarboxyla-
tion and transition to amorphous alumina. At 718 C an exothermic
peak represents the crystallization process of g-alumina [1,9].
Thermograms obtained from sol-gels aged for four and six
months showed a decomposition process in four stages (Fig. 8).
Results of DSC for samples aged during four months show an
endothermic peak at 33 C due to ethanol evaporation. The evapo-
ration of ethanol generated two peaks in the thermogram for the
sol-gel aged during 6 months. The first step of phase transforma-
tion consists in decarboxylation of the samples at a temperature
between 25 and 99 C, and 25–108 C, for sol-gels aged for 4 and
6 months, respectively. Loss of water occurred between 99 and
156 C (4 months) and 108–168 C (6 months), followed by the loss
of structural water at 156–199 C (4 months) and 168–221 C
(6 months). Increase of temperature needed for the decomposition
of the sample aged during 6 months, was due to the increment in
crystallinity and the sineresis process. An endothermic peak at
187 C, not present in the sample aged 4 months, represents the
evaporation of structural water and a second decarboxylation pro-
cess. At 235 C, an exothermic peak corresponding to the transfor-
mation into aluminum hydroxide formate is shown. At 315 C an
endothermic peak related to amorphous alumina appeared.
Fig. 9a and b shows infrared spectra of the gradual modification
and loss of functional groups of aluminum hydroxyformate and its
transformation into a-alumina. Vibration bands at 1620 (stretch-
ing), 1400 (symmetric), 1375 (asymmetric) and 800 cm1
(deformation) represent carbonyl groups present in the ceramic
precursor. Bands at 450, 1080, and 2880 cm1 (deformation) repre-
sent CAH bonds [1]. The vibration bands mentioned above are
characteristic of a bidentate bond formed by orthorhombic alu-
minum and carboxyl group in the aluminum formate. There are
hydroxyl groups (OH) present in the ceramic precursor, as shown
by a broad bending vibration band at 2300–3500 cm1, this points
out that the metal-organic salt is hydrated. Bands located at 1050,
1100 y 911 cm1 might correspond to structural water. Once the
aluminum formate was processed by sol-gel method, hydrogen
bonds were present at 3300–3500 cm1. Bands of structural water
were found at 1700 cm1, 1460 cm1 and 1300 cm1, accordingly
to the decarboxylation of Al(O2CH)3. Calcination from 25 C to
400 C generated a reduction of AOH (2500–3000 cm1) and
ANH3+ (3202 cm1) bands groups. This may be due to dehydration,
because the C@O groups were forming hydrogen bonds. Water was
evaporated at 200 C, after this point the C@O groups were free. It
is also appreciated that bands of asymmetrical vibration at
1620 cm1, strain 1400 cm1, and symmetric vibration at1075 cm1 of the carbonyl groups (C@O) are lost. This might be
caused by water evaporation at 200 C, breaking hydrogen bonds
involving C@O groups present in the gel. At 400 C the pyrolysis
process continues as it is demonstrated by the decreased intensity
of the carboxylate anions, therefore, the band ranged at about 500–
1000 cm1 keeps gaining intensity. Deformation bands due to CAH
bond also diminished. The sol-gel treated at 800 C had a small
amount carbonyl bands, yet previous works [1] demonstrated that
at this temperature carbonyl groups are absent. A possible expla-
nation for this difference is that alumina formed at surface protects
the inner formate aluminum from the high temperature, thus pre-
venting complete transformation. The wide band, corresponding to
the AlAO bonds, develops into two small bands (750 and 580 cm1,
respectively) as temperature increases up to 950 C. These are the
characteristic frequencies of tetrahedral AlO4, or more specifically,
it can be assigned to some stretching lattice vibrations of inter-
linked AlO4 tetrahedral, as it occurs in transition alumina. For
500 cm1 region, vibrations may be due to some bending motion
of the AlO4 lattice, this is in agreement with the presence of g-
alumina diffractions observed in the XRD pattern from 1000 C.
In Fig. 9b, at 1050 C, the strong and well defined IR bands
observed for AlAO bonds are explained taking into account the
pure XRD refraction of a-alumina. In the case of a corundum
Fig. 9. IR spectra for thermal degradation of aluminum formate sol-gel at different temperatures: a) 25, 200 and 400 C and b) 800, 1050 and 1500 C.
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characteristic IR feature is the occurrence of two strong bands near
635, 567 and 496 cm1 with other bands of less intensity around
450 and 780 cm1. This arrange of aluminum and oxygen atoms
denote the formation of a-Al2O3. The IR spectrum of the catalyst
support at 1500 C, shows bands at 433 cm1, 496 cm1,
566 cm1 and 635 cm1 for the AlO6 octahedral coordination in
the crystalline phase of a-alumina.
Fig. 10 shows the SEM micrograph of a-Al2O3 sintered at
1500 C. The crystals were sintered to form a three dimensionalnetwork structure with microwires. This structure is common in
sol-gel processes, but only tends to form when applying voltage,
a polymer, detergent or coal to provide guidance to the nanostruc-
tures [13]. Therefore, the proposed methodology is innovative,
since such tridimensional structure was obtained without addi-
tives. Results obtained from BET analysis revealed a superficial area
of 5.48 m2/g, and average pore diameter around 3.37, being classi-
fied as a mesoporous material. The alumina based material pre-
sented follows a type III isotherm, with tubular pores open in
both ends [14].
Fig. 10. SEM micrograph of a-Al2O3 sintered at 1500 C. a) 2000 X, b) 10,000 X, c) 20,000 X and d) 55,000 X.
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Transformation of aluminum formate into a-Al2O3 produced a
mesoporous material with surface area of 5.48 m2/g. The final cera-
mic presents a microwire structure with interconnected
nanoporosity. Transitions between alumina phases were identified
by different techniques to occur in several stages. Aluminum for-
mate transformation occurred as follows: at 400 C amorphous
Al2O3 containing four, five and six-coordinate aluminum species
is present. The transition to g-Al2O3 phase is completed at
800 C, and the transition into alpha phase begins at 1050 C. At
1500 C pure a-Al2O3 is observed. It is worth mentioning that the
sintering of a-alumina produced by sol-gel thermal transformation
occurred at low temperature without the use of additives. The
characteristics observed in the obtained material can be used for
the elaboration of catalysts supports. As a catalyst support, the
material reported presents the additional advantage of the lower
cost, since it was obtained directly through calcinations without
further additives being used.
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